In the present study, we assessed the involvement of the prefrontal cortex (PFC) in the ability of rats to perform crossmodal (tactile-tovisual) object recognition tasks. We tested rats with 3 different types of bilateral excitotoxic lesions: (1) Large PFC lesions, including the medial PFC (mPFC) and ventral and lateral regions of the orbitofrontal cortex (OFC); (2) selective mPFC lesions; and (3) selective OFC lesions. Rats were tested on 2 versions of crossmodal object recognition (CMOR): (1) The original CMOR task, which uses a tactile-only sample phase and a visual-only choice phase; and (2) a "multimodal pre-exposure" version (PE/CMOR), in which simultaneous pre-exposure to the tactile and visual features of an object facilitates CMOR performance over longer memory delays. Inclusive PFC lesions disrupted performance on both versions of CMOR, whereas selective mPFC damage had no effect. Lesions limited to the OFC caused delay-dependent deficits on the CMOR task, but failed to reverse the enhancement produced by multimodal object pre-exposure. This pattern of functional dissociations suggests complex, multidimensional contributions of the PFC and its subregions to crossmodal cognition.
Introduction
An important unresolved question in neuroscience concerns the mechanisms by which the brain stores and utilizes multisensory representations derived from the combination of unimodal sensory features of objects. The ability to use comprehensive multisensory object representations can clearly confer adaptive advantage by rendering environment-and object-appropriate behavior more efficient (Stein and Meredith 1993; Murray et al. 1998; Frassinetti et al. 2002) . We have recently introduced a crossmodal object recognition (CMOR) paradigm to enable the systematic study of the neural bases of such processes in rodents (Winters and Reid 2010 ). In the CMOR task, rats are presented in a sample phase with only the tactile features of a to-be-remembered object. After a retention delay, 2 objects-a novel object and a copy of the sample object-are visually presented. Rats demonstrate crossmodal object recognition by preferentially exploring the novel object in the choice phase, much like in the common spontaneous object recognition (SOR) task for rodents (Ennaceur and Delacour 1988) .
In an earlier study, we reported that 2 caudal cortical regions-the perirhinal (PRh) and posterior parietal (PPC) cortices-appear to interact in the service of crossmodal object recognition in rats (Winters and Reid 2010) . This result is consistent with the notion that multisensory object representations rely on the contributions of a distributed network of brain regions, and we have subsequently addressed the question of what other areas might be involved. Specifically, we have posited that polymodal brain regions downstream of the PRh and PPC might be involved in aspects of crossmodal cognition required for performance on the CMOR task. One such brain area is the hippocampus, which receives myriad polysensory inputs (Amaral and Witter 1995; Lavenex and Amaral 2000) and has been previously implicated in various associative functions (Otto and Eichenbaum 1992; Rudy and Sutherland 1995; Vinogradova 2001; Manns et al. 2007 ). Our recent work, however, suggests that the hippocampus does not play an essential role in the tactile-to-visual CMOR task (Reid et al. 2012) .
A second candidate region is the prefrontal cortex (PFC). Given the nature of executive functions attributed to the PFC (Robbins 1996; Dalley et al. 2004 ) and the wealth of bidirectional connections between PFC and higher-order sensory and association regions (Fuster 1997; Ongur and Price 2000; Uylings et al. 2003) , it is possible that this area-or subregions within it-could play a valuable role in coordinating information processing between sensory modalities to aid in the formation and/or use of multisensory object representations. Indeed, the PFC has frequently been implicated in tasks requiring crossmodal cognition, particularly in human imaging studies (Banati et al. 2000; Laurienti et al. 2003; Weissman et al. 2004 ), but also in animal research with monkeys (Petrides and Iversen 1976; Aitken 1980; Gaffan and Harrison 1991; Tal and Amedi 2009) and rats (Whishaw et al. 1992; Lipton et al. 1999) . In humans, anterior cingulate and surrounding dorsolateral prefrontal regions are commonly implicated in crossmodal cognition (Banati et al. 2000; Laurienti et al. 2003; Small 2004; Weissman et al. 2004; Ku et al. 2007) . Consistent with such findings, anterior cingulate lesions have been shown to cause deficits in crossmodal matching in monkeys (Aitken 1980) . Additionally, Fuster et al. (2000) demonstrated medial PFC (mPFC) neurons in monkeys that respond selectively to visual-auditory paired associations across time. Another prefrontal region implicated in crossmodal integration is the orbitofrontal cortex (OFC), which appears to contribute to crossmodal processing, especially when olfactory cues are involved (Lipton et al. 1999; Gottfried and Dolan 2003; Osterbauer et al. 2005; Small and Prescott 2005; CerfDucastel and Murphy 2006) . Evidence for an orbitofrontal role in crossmodal functions involving non-olfactory stimuli is less common (Diaconescu et al. 2011 ), but also not as frequently assessed and therefore remains an open question.
Thus, despite ample evidence for the involvement of prefrontal regions in crossmodal cognition, the specific contributions of the different areas remain unclear. The aim of the present study was to begin a systematic assessment of the contributions of rat PFC to crossmodal object recognition. For this initial study, we have chosen to focus on the mPFC, consisting of infralimbic, prelimbic, and rostral anterior cingulate cortices (Dalley et al. 2004) , and the OFC. A few studies implicating the rat OFC in aspects of crossmodal information processing have highlighted the ventral and/or lateral OFC rather than the medial region (Whishaw et al. 1992; Lipton et al. 1999) , and functional differences between the ventrolateral and medial OFC have previously been noted (Dalley et al. 2004) ; we therefore specifically targeted the ventrolateral OFC regions, also aiming to avoid inadvertent damage to the mPFC in our OFC groups.
We present data on the effects of inclusive bilateral PFC lesions, as well as separate mPFC and OFC lesions in the crossmodal and unimodal object recognition tasks from our previous study (Winters and Reid 2010) . For comparison, the same rats were also tested in a novel variant of the CMOR task in which they are provided with a multimodal pre-exposure session prior to the tactile sample phase (Reid et al. 2012 ). In the original CMOR task, rats are limited to exploring the objects with only tactile or visual information in each behavioral phase; these separate sensory features of objects are never explored together. We have recently found, however, that simultaneous pre-exposure to both tactile and visual object information significantly affects the crossmodal recognition ability of rats, substantially increasing the length of the retention delay over which they can perform the CMOR task (Reid et al. 2012) ; such a mnemonic facilitation was not observed when the pre-exposure was unimodal (tactile-or visual-only) in nature. We have posited that the behavioral effect of multimodal object pre-exposure results from changes in the nature of the neural representations of the to-be-remembered objects, perhaps related to the formation and storage of an explicit multisensory object representation. It is therefore possible that different brain regions contribute to CMOR task performance with and without multimodal object pre-exposure. Accordingly, we also investigated the possible involvement of the PFC and its subregions in the behavioral facilitation produced by multimodal object preexposure. We predicted that PFC lesions would disrupt both aspects of crossmodal cognition. Specifically, we hypothesized that extensive PFC damage would disrupt processes related to the storage of multisensory object representations and comparison across sensory modalities. We posited that crossmodal comparison required for CMOR task performance might be specifically related to mPFC processing considering its common implication in multisensory tasks (Banati et al. 2000; Laurienti et al. 2003; Small 2004; Weissman et al. 2004; Ku et al. 2007 ) and its role in aspects of executive functions (Dalley et al. 2004) . The OFC might be involved directly in associative multisensory representation within the PE/CMOR task, given its previous implication in predictive aspects of crossmodal cognition in rats (Lipton et al. 1999 ).
Materials and Methods

Subjects
Fifty-nine male Long-Evans rats were used in these experiments. The rats were kept on a 12-h on/12-h off reverse light/dark cycle with experiments carried out during the dark cycle. During experimentation, the rats were maintained on approximately 85% of their freefeeding body weight with 15-20 g of food/rat administered daily after trials. Rats were housed in pairs, and water was provided ad libitum.
All procedures adhered to the guidelines of the Canadian Council on Animal Care and were approved by the Animal Care Committee at the University of Guelph.
Surgery
For each experiment, rats were randomly assigned either to the lesion group or to the control group. Before and during all surgeries, rats were deeply anaesthetized with isofluorane inhalation anaesthetic (Benson Medical Industries, Markham, ON, Canada). Animals also received a subcutaneous injection of the analgesic meloxicam (5 mg/mL; Boehringer Ingelheim, Burlington, ON, Canada) prior to surgery. They were then placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA) with the incisor bar set to -3.3 mm. The scalp was cut and retracted to expose the skull, and holes were drilled directly above the target region. Lesion groups received bilateral excitotoxic lesions, with infusions of 0.9 M N-methyl-D-aspartic acid (NMDA) dissolved in sterile phosphate buffer; and sham groups received identical infusions of phosphate buffer vehicle only.
Inclusive Prefrontal Cortex Lesions
Nine rats received bilateral combined lesions to the mPFC (including anterior cingulate, infralimbic, and prelimbic cortices) and ventrolateral OFC. Coordinates were based on a combination of Pezze et al. (2009) for the mPFC lesion and Schiller and Weiner (2004) for the OFC lesion. For the mPFC lesion, 6 holes were drilled at the following locations relative to bregma: Anteroposterior (AP), +3.8, +3.2, and +2.6 mm, with all mediolateral (ML) coordinates at ±0.7 mm. Injections of NMDA were made at each of the 6 sites, administered 1.5 mm below dura, and a second injection was made 3.0 mm below dura at the AP +3.2 site in each hemisphere. For the OFC lesion, 2 holes were drilled at the following locations relative to bregma: AP, +3.2 mm; ML, ±2.4 mm, and injections were made at the 2 sites administered 5.5 mm below the skull at the site of injection. All injections were 0.2 µL and done over a period of 2 min with the needle left in place for an additional 2 min to allow the toxin to diffuse before retraction. One animal in the lesion group died following surgery, leaving 8 rats in the lesion group and 11 rats in the sham group.
Orbitofrontal Cortex Lesions
The lesion group (n = 10) received bilateral ventrolateral OFC lesions as described above, whereas the sham group (n = 10) received similar injections only with sterile phosphate buffer.
Medial Prefrontal Cortex Lesions
The lesion group (n = 10) received bilateral lesions to the mPFC, including anterior cingulate, infralimbic, and prelimbic cortices using the parameters described above. The sham group (n = 10) received equal volume injections of sterile phosphate buffer to the same locations.
For all surgeries, after the infusions were complete, the incision was sutured, and rats recovered in cages on heat pads until they were alert and ready to be returned to their home cages. After a week of recovery, habituation sessions began.
Histology
Following behavioral testing, all rats were anaesthetized by intraperitoneal injections of 2 mL of Euthansol (340 mg/mL; Schering Canada, Inc., Quebec, Canada) and perfused transcardially with 100 mL of phosphate-buffered saline (PBS; pH 7.4), followed by 250 mL of 4% neutral buffered paraformaldehyde (PFA; pH 7.4). Brains were removed and post fixed in 4% PFA and, following at least a 24-h delay, immersed in a 20% sucrose PBS solution until they sank. Coronal sections (60 μm) were sliced through the PFC using a cryostat, and every fifth section was mounted on a gelatin-coated glass slide. Sections were stained with cresyl violet and examined under a light microscope to assess the excitotoxic lesions. The extent of the damage was quantified with pixel volume measurements from drawings of the lesion within the PFC as specified by Paxinos and Watson (1998) Pixel volume measurements were made using ImageJ software (http://rsbweb.nih.gov/ij/). The percentage of lesioned area for each rat and the mean lesioned area for the lesion group were calculated with these values.
Apparatus
Object recognition was assessed in a Y-shaped apparatus (Winters et al. 2004; Forwood et al. 2005) , which consisted of 3 identically constructed white plastic arms joined by a central triangular area. Each arm was 27 cm long, 10 cm wide, and 50 cm tall. One arm, the start arm, had a guillotine door placed 18 cm from the rear of the arm to allow the experimenter to control the entry of rats into the main exploratory area. The 2 choice arms in the exploratory area of the Y-shaped apparatus had 2 notches at 9 cm from the rear of the arm, where plastic barriers could be inserted to prevent physical access to the objects. A tripod-mounted JVC Everio digital camera was placed over the Y-shaped apparatus to record behavior.
Stimuli
Multiple object sets were used during the experiments. Object sets consisted of triplicates of 2 objects of approximately the same height and width, but which were otherwise visually and tactually distinct (see Fig. 1A for typical objects). All objects consisted of hard plastic, glass, ceramics, or a combination thereof. To control for odor cues, objects were wiped with a 50% ethanol solution before being placed at the end of the choice arms in each phase of each trial. A small amount of white tack was placed on the bottom of each object to affix it to the floor of the Y-shaped apparatus. Rats were never exposed to the same object set for more than one trial.
Behavioral Procedure
Habituation Rats were habituated to the Y-shaped apparatus over 2 days prior to the beginning of testing. On both days, each rat spent 2 separate The sample phase is run in red light, and the choice phase is run in white light with the transparent barriers in place. Rats are therefore required to use the visual information available during the choice phase to recognize an object based on tactile information previously acquired in the sample phase. (E) The modified CMOR task with multimodal object pre-exposure (PE/CMOR): Format is the same as CMOR, except that rats can explore the eventual sample objects in white light and without the barriers in a pre-exposure session 24 h before the tactile sample phase; in the control (no pre-exposure) condition, rats remain in their home cages for this session. The multimodal pre-exposure extends CMOR task performance beyond the standard 1-h retention delay; we typically run PE/CMOR with a 3-h retention delay to compare performance in rats with and without pre-exposure.
5-min sessions in the Y-shaped apparatus, one session in red light and another in white light with the transparent plastic barriers in place; the order of exposure to these conditions was counterbalanced on both days. No objects were placed in the apparatus during habituation sessions.
Testing SOR tasks exploit the innate tendency of rats to explore novel versus familiar objects preferentially. The CMOR task is an SOR task variation, which requires animals to compare visual object features with tactile features to recognize objects. For the basic CMOR experiments described here, all rats were run on the CMOR task, as well as unimodal (tactile-and visual-only) versions of SOR. The unimodal tasks are included to gauge the selectivity of any crossmodal impairments observed. See Figure 1 for schematic illustrations of the 4 SOR tasks used in the current study. All tasks were run with the same general format, each trial consisting of sample and choice phases separated by a retention delay ("immediate", 1 h, or 3 h; see details below). During the sample phase, 2 identical objects were affixed at the rear of the choice arms. After the rat was placed into the apparatus, the guillotine door was raised, and object exploration behavior was scored from the moment the rat left the start box. Object exploration was recorded using a custom computer application that tracks the individual and total object exploration times, as well as the time spent in the apparatus. During the sample phase, rats were allowed to explore both objects for a total of 25 s of cumulative exploration or 3 min, if 25 s of object exploration was not accumulated. Object exploration was scored when the nose was directed toward a part of the object, or the area of the transparent barrier within the outline of the object (for visual-only conditions), at a distance of no more than 2 cm. At the end of the sample phase, the retention delay began. For the 1-h or 3-h delays, rats were returned to their home cages until the choice phase. For the "immediate" delay, rats were placed directly back into the start box of the Y-shaped apparatus, while the experimenter set up the choice phase. Thus, the immediate delay condition yielded a much shorter retention delay, the average of which was approximately 30-45 s. During the choice phase, an identical version of the object from the sample phase was presented along with a novel object. The side in which the novel object was placed was randomized. During the choice phase, object exploration was scored for 1 min.
Specific procedural manipulations were used for the various versions of object recognition. For the tactile-only SOR task (Fig. 1B) , to prevent the rats from acquiring visual information about the objects, both the sample and choice phases were run in red light (Winters and Reid 2010) . Specifically, during the tactile-only phases, a red-tinted lamp mounted on the video tripod was used with the overhead lights off. In the visual-only SOR task (Fig. 1C) , to prevent the rats from acquiring tactile information, the objects were placed behind a transparent plastic barrier inserted at the 9-cm notch in each of the 2 choice arms of the Y-shaped apparatus for both the sample and choice phases. For the CMOR task (Fig. 1D ), the sample phase was run in red light, and the choice phase was run in normal white light with the objects behind the transparent plastic barriers. Each group was tested in each of these 3 tasks with a 1-h retention delay in counterbalanced order. The OFC-lesioned rats and their sham groups were also tested in the CMOR task with the immediate retention delay after being tested on the PE/CMOR task (see below for further details).
To assess the role of PFC regions in the facilitative effects of multimodal object pre-exposure, we used a variant of the CMOR task in which rats were simultaneously pre-exposed to the tactile and visual features of the to-be-remembered objects 24 h prior to the tactile sample phase (Reid et al. 2012) . For this multimodal pre-exposure CMOR (PE/CMOR) task (Fig. 1E ), rats were tested in 2 conditions, counterbalanced. On one trial, rats received a 5-s multimodal preexposure to the sample object 24 h prior to the tactile sample phase, and on the other trial, rats remained in their home cages until the sample phase ("no pre-exposure" condition). Pre-exposure was run in normal white lighting without the barrier, so that the objects could be explored with tactile and visual features available simultaneously, and rats were allowed to explore until cumulative object exploration time reached 5 s. Twenty-four hours following the pre-exposure session, the typical CMOR trial proceeded as described above, but with a 3-h retention delay between the tactile sample and visual choice phases. We have previously shown that a multimodal-but not unimodal (tactile-or visual-only)-pre-exposure session reverses the memory impairment observed when CMOR is tested with a 3-h retention delay (Reid et al. 2012 ). All rats were tested in the PE/CMOR task after being tested on the original CMOR and unimodal SOR tasks.
Data Analysis
The discrimination ratio was used as the primary measure of object recognition and was calculated as: (Novel object exploration − familiar object exploration)/(novel object exploration + familiar object exploration) in the choice phase. For initial testing of each lesion type, 2 (group) × 3 (task: CMOR, tactile SOR, and visual SOR) mixed-factors analyses of variance (ANOVA) with repeated measures were performed to assess object recognition ability. For PE/CMOR testing, the discrimination ratio data were analyzed using 2 (group) × 2 ( pre-exposure condition) ANOVAs with repeated measures. As an additional assessment of recognition performance, we used 1-sample t-tests to compare each group mean in each task to a discrimination ratio of 0, which indicates no novel or familiar object preference. Three additional behavioral measures were also scored for all tasks to ensure that general exploration of objects did not differ between groups: The total choice object exploration, total sample object exploration, and sample phase duration (i.e., the time required for rats to reach the 25-s sample exploration criterion). An additional control measure, duration of the pre-exposure session, was also analyzed for the PE/CMOR experiments. All control measures were analyzed using mixed-factors ANOVAs. All statistical analysis was conducted using SPSS 18.0 for windows with a significance level of α = 0.05.
As a general note, preventing rats from touching the objects resulted in significant reductions in overall object exploration times in the visual-only conditions, particularly in the choice phase (see Tables 1-3 for general exploratory data). Accordingly, relatively small differences in novel and familiar exploration times could produce strong object recognition (i.e., discrimination ratio) scores. Thus, in order to preclude the possibility that experimenter bias or error might have substantially influenced the data, 2 experimenters scored all of the choice phase data offline for all experiments. Both scorers were blind to the lesion group assignment for each subject, as well as the identity of the novel and familiar object for each individual trial. The inter-rater reliability for choice phase scoring was highly significant (Pearson r = 0.58-0.88, all P < 0.05) for all task types in all experiments. Thus, it is unlikely that observer bias influenced the results reported in this study. Note: Data are expressed as mean (seconds ± SEM) of the total time spent in the pre-exposure phase (pre-exposure phase duration), the total time exploring the sample objects directly (total sample Exploration), the total time spent exploring the objects in the first minute of the choice phase (choice exploration), and the total time spent in the sample phase (sample phase duration). CMOR: standard crossmodal object recognition task with no pre-exposure; PE/CMOR: CMOR task with multimodal pre-exposure 24-h prior to the sample phase; tactile: tactile-only SOR; visual: visual-only SOR; 1 h: 1-h retention delay; 3 h: 3-h retention delay.
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Results
Inclusive PFC Lesions
Histology Excitotoxin-induced brain damage was primarily restricted to the PFC, specifically the defined mPFC and ventrolateral OFC regions. The estimated average percent of total PFC loss was 61% (±5.41%); estimated damage within the 2 subregions was 49% (±7.1%) and 62% (±8.1%) for ventrolateral OFC and mPFC, respectively. Figure 2 illustrates the extent of the largest and smallest PFC lesions through several sections of the brain.
In some cases, the lesions extended into other regions, including the primary motor cortex, secondary motor cortex, and claustrum, but this unintended damage was always unilateral.
Behavior Rats were first tested on counterbalanced trials of the CMOR and unimodal (tactile-and visual-only) SOR tasks. An analysis of the discrimination ratio data with mixed-factors ANOVA revealed significant group (F 1,15 = 6.32, P = 0.02) and task (F 1,22 = 8.53, P = 0.004) effects; the interaction term was not significant (F 1,22 = 1.11, P = 0.33). Inspection of Figure 3A , however, suggests that the predicted difference in the CMOR task was present, and planned comparison independentsamples t-tests supported this interpretation, as CMOR was the only task in which there was a significant group difference (CMOR: t 17 = 2.39, P = 0.03; tactile SOR: t < 1; and visual SOR: t < 1). The analysis of the discrimination ratios compared with chance preference (0) with 1-sample t-tests for the lesion group indicated significant novel object preference in the tactile (t 6 = 10.34, P < 0.001) and visual (t 6 = 3.59, P = 0.02) Note: Data are expressed as mean (seconds ± SEM) of the total time spent in the pre-exposure phase (pre-exposure phase duration), the total time exploring the sample objects directly (total sample exploration), the total time spent exploring the objects in the first minute of the choice phase (choice exploration), and the total time spent in the sample phase (sample phase duration). CMOR: standard crossmodal object recognition task with no pre-exposure; PE/CMOR: CMOR task with multimodal pre-exposure 24-h prior to the sample phase; tactile: tactile-only SOR; visual: visual-only SOR; 1 h: 1-h retention delay; 3 h: 3-h retention delay; imm: immediate retention delay; 1 hR: repeat of 1-h CMOR task. Note: Data are expressed as mean (seconds ± SEM) of the total time spent in the pre-exposure phase (pre-exposure phase duration), the total time exploring the sample objects directly (total sample exploration), the total time spent exploring the objects in the first minute of the choice phase (choice exploration), and the total time spent in the sample phase (sample phase duration). CMOR: standard crossmodal object recognition task with no pre-exposure; PE/CMOR: CMOR task with multimodal pre-exposure 24-h prior to the sample phase; tactile: tactile-only SOR; visual: visual-only SOR; 1 h: 1-h retention delay; 3 h: 3-h retention delay. SOR tasks, but not the CMOR task (t 6 = 2.37, P = 0.06). Conversely, sham animals displayed significant novel object preference in all tasks (CMOR: t 10 = 5.48, P < 0.001; tactile: t 10 = 8.64, P < 0.001; and visual: t 10 = 8.01, P < 0.001). The analysis of the choice exploration control measure with mixed-factors ANOVA yielded an unexpected significant group × task interaction (F 1,34 = 5.42, P = 0.02). Post hoc analysis indicated that there was an impact of lesion in the crossmodal (t 17 = 2.26, P = 0.04) and tactile tasks (t 17 = 2.80, P = 0.01), but not the visual (t 17 = 1.21, P = 0.24) with lesion animals exploring less than shams in the choice phase. There was also a significant main effect of lesion (F 1,17 = 8.91, P = 0.01) for choice object exploration. Despite these effects of PFC lesions on general exploration in the choice phase, both groups did explore within typically accepted values. Furthermore, and importantly, there were no significant differences in sample exploration measures, which suggest that PFC lesions did not affect exploration of the to-be-remembered objects during acquisition. There were also significant task effects for all 3 general exploration measures due to the different stimulus properties available to rats in the different task phases; rats explored significantly more in tactile conditions than in visual conditions in which physical access to the objects was restricted (Winters and Reid 2010) . None of the other control analyses yielded significant effects (see Table 1 for descriptive statistics).
The same 2 groups of rats were next tested on 2 additional trials of CMOR with a 3-h retention delay: One trial with multimodal pre-exposure and another trial without pre-exposure. We have previously shown that rats fail on the original CMOR task with a 3-h retention delay (Reid et al. 2012) ; the no preexposure trials were therefore included as a control condition.
The analysis of the discrimination ratio with a mixed-factor ANOVA revealed a significant main effect of the lesion group (F 1,16 = 8.34, P = 0.01), but the effects of pre-exposure condition (F 1,16 = 1.17, P = 0.295) and lesion × pre-exposure condition interaction (F < 1) were not significant. However, Figure 3B suggests that the predicted impairment on PE/ CMOR was present, and a planned comparison of the lesion group revealed a significant difference between shams and lesioned animals on pre-exposure trials (t 16 = 2.85, P = 0.01), but not on the no pre-exposure trials (t 16 = 1.25, P = 0.23). Additional analysis of the discrimination ratio data indicated that only the sham group with pre-exposure demonstrated significant novel object preference (lesion, no pre-exposure: t 6 = 0.67, P = 0.54; lesion, pre-exposure: t 6 = 0.11, P = 0.92; sham, no pre-exposure: t 10 = 1.28, P = 0.23; sham, preexposure: t 10 = 5.20, P < 0.001), further supporting the assertion that PFC lesions abolished the facilitative effect of multimodal object pre-exposure. Because neither separate mPFC nor OFC lesions disrupted PE/CMOR performance (see below), we assessed the possibility that the absolute quantity of PFC tissue damage was related to the PE/CMOR deficit by performing a correlation analysis between the percentage of PFC tissue lost in the lesion group and the discrimination ratio on PE/CMOR trials (with pre-exposure only). This analysis, however, revealed no significant correlation (Pearson r = −0.114).
The analysis of sample duration with mixed-factor ANOVA revealed an unexpected significant group × pre-exposure condition interaction (F 1,16 = 8.76, P = 0.01) and a significant main effect of pre-exposure condition (F 1,16 = 7.23, P = 0.02). Post hoc analysis on sample duration suggested that sham rats on pre-exposure trials were quicker to reach criteria during the sample phase; however, importantly, there was not a significant difference in total sample exploration time. Also, as in the previous CMOR experiment, there was a significant main effect of lesion on choice exploration (F 1,16 = 10.33, P = 0.01), with lesioned animals spending less time exploring objects during the choice phase. However, choice exploration was within expected ranges, and overall sample exploration was not altered, suggesting that exploration of the object to be remembered was not seriously impacted (see Table 1 for descriptive statistics).
mPFC Lesions
Histology Excitotoxin-induced brain damage was generally restricted to the mPFC. The estimated average mPFC loss was 68% (±3.29%). Figure 4 illustrates the extent of the largest and smallest mPFC lesions through several sections of the brain. In a few cases, the lesions extended into other regions, including the primary motor cortex, secondary motor cortex, Figure 3 . Performance of rats with inclusive PFC lesions on (A) CMOR, as well as tactile-only and visual-only SOR, each with a 1-h retention delay between sample and choice phases and (B) 3-h CMOR with and without multimodal object pre-exposures 24 h prior to the tactile sample phase. Data are presented as average discrimination ratio (±SEM). *P < 0.05; **P < 0.01, lesion versus sham.
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Behavior Rats were first tested on counterbalanced trials of the CMOR and unimodal (tactile-and visual-only) SOR tasks with a 1-h retention delay. Lesions of the mPFC did not appear to disrupt CMOR or unimodal SOR task performance (Fig. 5A) . A mixedfactors ANOVA performed on the discrimination ratio did not find a significant lesion group × task interaction (F 1,35 = 1.20, P = 0.31), nor were the main effects of group (F < 1) or task (F 1,35 = 1.59) significant. One-sample t-tests against chance (0) indicated that both groups demonstrated significant novel object preference in all tasks (lesion, CMOR: t 9 = 5.02, P = 0.001; lesion, tactile: t 9 = 5.51, P < 0.001; lesion, visual: t 9 = 3.64, P = 0.005; sham, CMOR: t 9 = 3.29, P = 0.009; sham, tactile: t 9 = 4.13, P = 0.003; sham, visual: t 9 = 5.25, P = 0.001).
Mixed-factors ANOVA of the 3 general exploration measures found only anticipated significant difference between tasks (see Table 2 for descriptive statistics).
The same rats were next tested on 2 unique trials of CMOR with a 3-h retention delay: One trial with pre-exposure (PE/ CMOR) and one without pre-exposure, counterbalanced. Mixed-factors ANOVA was performed on the discrimination ratio, revealing a significant main effect of pre-exposure condition (F 1,18 = 18.13, P < 0.001) with pre-exposure trials having higher discrimination ratios compared with trials without preexposure (Fig. 5B) ; however, there was not a significant lesion group × pre-exposure condition interaction (F < 1) or main effect of lesion (F 1,18 = 1.16, P = 0.30). Analysis of the discrimination ratios with 1-sample t-tests versus 0 found that only the sham and lesion groups with pre-exposure demonstrated significant novel object preference (lesion, no pre-exposure: t 9 = 1.06, P = 0.32; lesion, pre-exposure: t 9 = 3.99, P = 0.003; sham, no pre-exposure: t 9 = 0.70, P = 0.50; sham, preexposure: t 9 = 2.96, P = 0.02).
There was an unexpected significant main effect of preexposure condition for the sample duration (F 1,18 = 6.23, Figure 4 . Extent of the excitotoxic medial prefrontal cortex lesions. The largest lesion is displayed in gray, and the smallest lesion is shown in black. Coronal sections are 4.20 mm through 2.20 mm anterior to bregma. Figure 5 . Performance of rats with mPFC lesions on (A) CMOR, tactile-only, and visual-only SOR, each with a 1-h retention delay between sample and choice phases and (B) 3-h CMOR with and without multimodal object pre-exposures 24 h prior to the tactile sample phase. Data are presented as the average discrimination ratio (±SEM). Dashed line (0.0) represents equal preference for sample and novel objects. P = 0.02), with rats on pre-exposure trials being slower to reach criterion than on trials without pre-exposure, but there was no difference in terms of overall sample object exploration. Additionally, there was a significant main effect of lesion on choice object exploration (F 1,18 = 12.44, P = 0.002), with lesion animals exploring less than sham animals in the choice phase (see Table 2 for descriptive statistics).
OFC Lesions
Histology Excitotoxin-induced brain damage was generally restricted to the ventral and lateral regions of OFC. The estimated average percent of ventrolateral OFC loss was 60% (±2.93%). Figure 6 illustrates the extent of the largest and smallest OFC lesions through several sections of the brain. In a few cases, the lesions extended into other regions, including the corpus callosum (forceps minor), claustrum, agranular insular cortex (ventral), and striatum, but this unintended damage was always unilateral.
Behavior Rats were first tested on counterbalanced trials of the CMOR and unimodal (tactile-and visual-only) SOR tasks with a 1-h retention delay. Analysis of the discrimination ratio data with mixed-factors ANOVA revealed group (F 1,17 = 4.10, P = 0.06) and interaction terms (F 1,24 = 3.20, P = 0.07) that approached significance, whereas the effect of task was clearly not significant (F 1,24 = 2.48, P = 0.12). Examination of Figure 7A suggests that the predicted difference in the CMOR task was present, and planned comparison independent samples t-tests supported this interpretation, as CMOR was the only task in which there was a significant group difference (CMOR: t 17 = 3.63, P = 0.002; tactile SOR: t 18 = 0.68, P = 0.51; visual SOR: t 18 = 0.51, P = 0.62). One-sample t-tests comparing the discrimination ratio scores to 0 also indicated that rats demonstrated significant novel object preference in all cases, except when lesioned animals were tested on the CMOR task (lesion, CMOR: t 9 = 0.74, P = 0.48; lesion, tactile: t 9 = 6.91, P < 0.001; lesion, visual: t 9 = 3.90, P = 0.004; sham, CMOR: t 9 = 8.30, P < 0.001; sham, tactile: t 8 = 3.75, P = 0.005; sham, visual: t 9 = 3.85, P = 0.004).
In analyses of the 3 general exploration measures, only the typical task effects were found in a mixed-factor ANOVA (see Table 3 for descriptive statistics).
The same rats were next tested on 2 unique trials of CMOR with a 3-h retention delay: One trial with pre-exposure (PE/ CMOR) and one without pre-exposure, counterbalanced. The discrimination ratio scores were analyzed with mixed-factors ANOVA that revealed only a significant main effect of preexposure condition (F 1,18 = 15.19, P < 0.001). The main effects of lesion (F < 1) and lesion group × pre-exposure condition interactions (F < 1) were not significant (Fig. 7B ). Further analysis with 1-sample t-tests comparing discrimination ratios to 0 revealed that both the sham and lesion groups demonstrated significant novel object preference on pre-exposure trials, but not on trials without pre-exposure (lesion, no preexposure: t 9 = 1.14, P = 0.28; lesion, pre-exposure: t 9 = 3.89, P = 0.004; sham, no pre-exposure: t 9 = 0.17, P = 0.87; sham, pre-exposure: t 9 = 5.34, P < 0.001).
In terms of general exploration, there was an unexpected main effect of pre-exposure condition on choice exploration (F 1,18 = 19.27, P < 0.001) and sample duration (F 1,18 = 32.84, P < 0.001), with rats on pre-exposure trials being quicker to reach criterion and exploring more in the choice phase (see Table 3 for descriptive statistics).
We next tested the delay-dependence of the OFC lesioninduced impairment in the CMOR task. Our results with mPFC lesions did not support our initial hypothesis regarding a role for the mPFC in crossmodal object feature comparison. The selective CMOR deficit in OFC-lesioned rats, however, suggests that the ventrolateral OFC might contribute to this function. We therefore hypothesized that, if the ventrolateral OFC is a comparator for crossmodal object features, a function required for correct choice phase performance, CMOR task impairment should be observed in OFC-lesioned animals regardless of the length of the retention interval. Accordingly, the same groups of rats were each tested on one additional trial in the original CMOR task (i.e., without pre-exposure), but with the immediate delay condition to minimize mnemonic demand. Analysis of the discrimination ratio scores, however, with an independent-samples t-test revealed no significant difference between lesion and sham groups (t 18 = 0.31, P = 0.76; Fig. 7C ), and both groups demonstrated significant novel object preference (sham: t 9 = 2.48, P = 0.035; lesion: t 9 = 2.96, P = 0.016). Furthermore, no significant differences were found between the lesion and sham groups in terms of choice exploration, total sample exploration, or sample duration (Table 3) .
Finally, to ensure that there was no recovery of function, the lesion and sham rats were again run on the CMOR task with a 1-h retention delay. An independent-samples t-test analysis of the discrimination ratio scores indicated that OFC-lesioned rats were still significantly impaired on the 1-h CMOR task compared with shams (t 10 = 2.95, P = 0.01; Fig. 7D ). No significant differences were found between the lesion and sham groups in terms of choice exploration, total sample exploration, or sample duration (Table 3) .
Discussion
The neural bases of multisensory integration remain poorly understood. The CMOR paradigm has enabled us recently to embark on a systematic analysis of the brain circuitry involved in rodent tactile-to-visual crossmodal object recognition. The current study extends our previous findings (Winters and Reid 2010; Reid et al. 2012) by demonstrating that prefrontal circuitry is integrally involved in particular facets of CMOR performance. Specifically, the current results indicate that large PFC lesions, including the anterior cingulate, mPFC, and ventrolateral OFC, disrupt spontaneous CMOR task performance and reverse the facilitative mnemonic effect of multimodal object pre-exposure. More selective lesions of the ventrolateral OFC impaired the basic CMOR task in a delay-dependent manner, but spared the mnemonic enhancement produced by multimodal pre-exposure. Finally, selective mPFC lesions failed to affect performance in either version of CMOR. This pattern of findings provides important insights into the role of the PFC and its subareas in tactile-to-visual crossmodal object recognition.
The "inclusive" PFC lesions in the current study encompassed the ventrolateral OFC and a large proportion of the mPFC, including the insular, prelimbic, and rostral components of the anterior cingulate cortex. Homologous PFC regions in humans and nonhuman primates have previously been implicated in aspects of multisensory integration or Figure 7 . Performance of rats with OFC lesions on (A) CMOR, tactile-only, and visual-only SOR, each with a 1-h retention delay between sample and choice phases; (B) 3-h CMOR with and without multimodal object pre-exposures 24 h prior to the tactile sample phase; (C) CMOR with the "immediate" retention delay and no pre-exposure; and (D) Retest with the 1-h delay CMOR task (no pre-exposure). Data are presented as the average discrimination ratio (±SEM). Dashed line (0.0) represents equal preference for sample and novel objects. **P < 0.01, lesion versus sham.
crossmodal object recognition (Petrides and Iversen 1976; Aitken 1980; Gaffan and Harrison 1991; Banati et al. 2000; Laurienti et al. 2003; Weissman et al. 2004; Tal and Amedi 2009) . Moreover, these areas are all polysensory in the sense that they are reciprocally connected with various association cortices (Fuster 1997; Ongur and Price 2000; Uylings et al. 2003) . We therefore predicted that large PFC lesions would affect performance in both CMOR tasks used in the current study. Indeed, this is what we found. Specifically, inclusive PFC lesions produced a selective impairment in the original CMOR task when compared with the unimodal (tactile-and visual-only) SOR tasks. This type of selectivity has been seen previously following "disconnection" lesions of the PRh and PPC, and we have posited that these caudal cortical regions cooperate as part of a distributed network underlying CMOR task performance (Winters and Reid 2010) . The PFC might represent another node in this putative network, interacting with the PRh and PPC to coordinate crossmodal object recognition; indeed, PFC regions are known to be connected with both the PRh and PPC (Reep et al. 1996; Ongur and Price 2000) . Interestingly, bilateral PRh and PPC lesions disrupted visual and tactile SOR performance, respectively, in our previous study (Winters and Reid 2010) . We took these results to indicate relatively unimodal contributions of these cortical regions to CMOR task performance. Conversely, the selective CMOR deficit produced by bilateral PFC lesions in the current study suggests contributions specific to the crossmodal nature of this task.
Given the established role of the PFC in higher-order and executive cognitive functions (Dalley et al. 2004 ), we initially hypothesized that mPFC lesions and, by extension, inclusive PFC damage would disrupt the comparison between tactile and visual representations in the CMOR task. The absence of effects with mPFC lesions, however, argues against such a role for this brain area. Conversely, ventrolateral OFC lesions selectively impaired CMOR task performance. The delay dependence of the CMOR deficit induced by OFC lesions, however, argues against a simple crossmodal comparison function. Were the OFC merely coordinating crossmodal evaluation to facilitate a match-mismatch decision, there would be no obvious reason to expect this function to be limited to more mnemonically taxing conditions.
The OFC may contribute to the CMOR task by performing top-down object priming during the sample phase. Evidence from humans indicates that the OFC may be involved in top-down facilitation of visual recognition (Fenske et al. 2006) . Bar et al. (2006) have suggested that partially complete object information is sent from early visual stages to the PFC, specifically the OFC, which then generates expectations about the identity of the image and projects these "initial guesses" back to the temporal lobe; such a mechanism could reduce the number of object representations under consideration, substantially facilitating object recognition (Bar 2003; Fenske et al. 2006) .
We propose that a similar mechanism might be at work in the CMOR task. When rats have not previously had multimodal object pre-exposure, they have no explicit association between the tactile and visual features of the to-beremembered objects. Thus, the tactile sample phase of the CMOR task provides only an incomplete representation of the sample object. From this limited information, rats with a functioning OFC may be able to extrapolate candidate visual representations through a top-down process similar to that proposed by Bar (2003) . Such a process may not be necessary when the retention delay between sample and choice phases is relatively short, as a simple inferential crossmodal matching strategy might suffice under limited mnemonic load. However, as the delay increases, the incomplete object representation acquired in the tactile sample phase may be particularly vulnerable to trace decay and/or interference from intervening items (Winters et al. 2007; McTighe et al. 2010) . One important extension of this study for future analysis could involve assessing the possibility that ventrolateral OFC lesions increase vulnerability to interference in the CMOR task as retention delays are increased, and whether manipulations aimed at reducing such interference, such as those performed by McTighe et al. (2010) , would help to reduce or prevent the impairing effects of OFC lesions. Such a finding would provide further support for the putative top-down contribution of the OFC to CMOR task performance.
Clearly, further research is needed to test this notion, but the findings from the present study are intriguing in their implication of the OFC in a specific facet of crossmodal object recognition. Although we did not assess inclusive PFClesioned animals for delay-dependent CMOR task impairment, this remains an important question for future analysis. It seems likely that the larger PFC lesions produced in this study would also cause delay-dependent CMOR deficits if the proposed OFC-based mechanism is the underlying cause of the CMOR impairment observed in PFC-lesioned rats. Nevertheless, this remains an empirical question, and it is possible that the more extensive damage produced by inclusive PFC lesions could cause delay-independent effects just as these lesions impaired PE/CMOR performance in the absence of similar effects with more selective PFC damage.
Inclusive damage to the PFC blocked the normally facilitative effects of multimodal object pre-exposure on CMOR task performance with retention delays longer than 1 h (Reid et al. 2012) . Thus, regions of the PFC may also be more directly involved in the multisensory associative process required for the development of multisensory object representations. We originally suggested that such a role may be related to OFC function. Unlike inclusive PFC damage, however, OFC lesions did not disrupt PE/CMOR task performance, suggesting that the PFC contribution to this form of crossmodal memory is relatively independent of its role in the more inferential version of CMOR. Indeed, assuming the beneficial mnemonic effects of multimodal object pre-exposure stem from the formation of an explicit association between the tactile and visual features of the to-be-remembered objects, a top-down process such as that proposed above for the OFC would be superfluous in the PE/CMOR task. The putative multisensory object representation formed in the pre-exposure phase would likely be reactivated on tactile sample exploration, thereby providing the animals with a comprehensive object trace in the sample phase. The pattern of results reported here suggest that the PFC may be directly involved in the associative process of multisensory object representation, either in enabling the linkage between tactile and visual object representational areas, or perhaps as the final repository of a multisensory representation (Lacey et al. 2007) .
Whatever the specific role of the PFC in PE/CMOR performance, it appears to remain intact in the absence of a fully functioning OFC. Moreover, this contribution does not appear Cerebral Cortex August 2014, V 24 N 8 2117 to require an intact mPFC region, as mPFC lesions also did not reverse the CMOR enhancing effect of multimodal object pre-exposure. Indeed, damage to the mPFC failed to disrupt either version of crossmodal object recognition in the current study. This finding is somewhat surprising given the numerous studies implicating homologous regions in multisensory processing. The anterior cingulate cortex, in particular, is often implicated in multisensory integration (Aitken 1980; Banati et al. 2000; Laurienti et al. 2003) . It is notable that the mPFC lesions produced in the present study did not extensively damage the anterior cingulate cortex, being restricted to only the rostral portion. Accordingly, the possible effect of more extensive anterior cingulate lesions in CMOR task performance remains a question for future research.
The overall pattern of spared and impaired behavior in this study is intriguing, as it suggests compensatory mechanisms within the PFC for its contribution to the PE/CMOR task. Whereas inclusive PFC lesions disrupted PE/CMOR task performance, separate damage to either of the 2 components comprising these inclusive lesions-the mPFC and ventrolateral OFC-failed to cause impairment. This outcome suggests that, rather than a specific region, what matters most to PE/ CMOR task performance is that a minimally sufficient level of PFC functionality remains to mediate the proposed associative process underlying the effect of the multimodal pre-exposure phase. Both mPFC and ventrolateral OFC appear to be able to compensate in this capacity for loss of functionality in the other. Our correlational analysis suggests that this may not be a simple mass action effect related to the total amount of PFC tissue damage, but rather may reflect the importance of retaining a sufficient threshold level of overall PFC functionality. Thus, although these ideas remain largely speculative, and the exact nature of PFC involvement in the CMOR and PE/ CMOR tasks cannot yet be clearly articulated, the functional dissociations observed in the present study indicate potentially complex roles of prefrontal regions in crossmodal cognition. Future research with complementary techniques, such as immediate early gene imaging and reversible lesions, should help to further elucidate the specific contributions of prefrontal areas to crossmodal object recognition.
The roles of PFC regions in crossmodal object recognition should also be assessed for different sensory modalities to determine the generality of these effects. The current study, however, provides important new insights into the contributions of the PFC to multisensory integration. Moreover, as the current findings suggest, targeted modifications of the CMOR task can help to elucidate the neural bases of crossmodal cognition, for instance, by illustrating the functional dissociations relating to differential experience with to-be-remembered objects. Indeed, it is apparent from the present results that very brief multimodal exposure to an object can dramatically alter the crossmodal mnemonic capabilities of an organism, and these effects may be the manifestation of underlying reorganization of the neural circuitry representing that object. Future work with variations on the CMOR task should continue to aid in the elucidation of neural circuitry dynamics involved in crossmodal cognition.
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